For multiple-brooded species, the number of reproductive events per year is a major determinant of an individual's fitness. Where multiple brooding is facultative, its occurrence is likely to change with environmental conditions, and, as a consequence, the current rates of environmental change could have substantial impacts on breeding patterns. Here we examine temporal population-level trends in the proportion of female great tits (Parus major) producing two clutches per year ('double brooding') in four long-term study populations in The Netherlands, and show that the proportion of females that double brood has declined in all populations, with the strongest decline taking place in the last 30 years of the study. For one of the populations, for which we have data on caterpillar abundance, we show that the probability that a female produces a second clutch was related to the timing of her first clutch relative to the peak in caterpillar abundance, and that the probability of double brooding declined over the study period. We further show that the number of recruits from the second clutch decreased significantly over the period in all populations. Our results indicate that adjustment to changing climatic conditions may involve shifts in life-history traits other than simply the timing of breeding.
INTRODUCTION
Many species differ not only in the number of offspring they produce, but also in the number of breeding attempts per season, such that multiple breeding (more than one reproductive event in a season) is a common reproductive strategy in a variety of taxa ( Verhulst et al. 1997 and references therein). Whenever reproductive costs exist, life-history theory predicts that parents face a compromise between current reproduction and future reproduction in order to maximize their own fitness ( Williams 1966; Stearns 1992 ). Long-lived species are expected to favour their own survival at the expense of their current brood of offspring, whereas short-lived species should invest more in the current breeding attempt (Drent & Daan 1980) . This trade-off is often invoked not only to explain the costs of reproduction across seasons, but also holds for withinseason reproductive decisions, such as how many breeding attempts to make within a year. Furthermore, it is likely that prevailing environmental conditions and hence resource availability shape these costs and hence the likelihood of double brooding. In this paper, we use longterm, individual-based data on four populations of great tits (Parus major) in The Netherlands, to test whether the current changes in environmental conditions are affecting breeding patterns in relation to double brooding.
Several studies of birds have investigated the intraseasonal costs of multiple breeding, most of them experimentally (Lindèn 1988; Verboven & Verhulst 1996; Verhulst et al. 1997; Verhulst 1998; Brinkhof et al. 2002; Parejo & Danchin 2006) , but some also using either longitudinal studies (Tinbergen et al. 1985) or a combination of the two ( Verboven & Verhulst 1996; Verboven et al. 2001) . Experimental studies of clutch size (e.g. Parejo & Danchin 2006) and brood size (e.g. Lindèn 1988 ) manipulations are normally used to investigate the determinants of multiple breeding, but experimental delay/ advance of hatching date (e.g. Brinkhof et al. 2002) is also frequently used. These studies show that delaying hatching date, as well as increasing clutch size and/or brood size, commonly leads to a lower probability of initiating a second clutch. These findings suggest that differences between populations in the occurrence and extent of multiple breeding may be causally related to differences in mean laying date and/or the number offledglings in the nest, which again might be linked to differences in habitat between populations.
In short-lived species, differences in annual fecundity play a major role in determining population growth (Saether & Bakke 2000) . Furthermore, many such species often have two or more breeding attempts per season and the variance in individual fecundity can often be better explained by the number of breeding attempts than the number of young produced from each breeding attempt (Klomp 1970; Nagy & Holmes 2005 and references therein; Weggler 2006) . Understanding what factors determine the decision to initiate multiple-breeding attempts per season is therefore interesting not only from a life-history point of view, but also from a conservation perspective as it determines population growth rate and thus the future viability of a population.
In many taxa, the main variable determining reproductive success is the abundance of prey items (for a review see White 2008) : for example, long-term individuallevel studies of great tit populations have shown that the synchrony of breeding with the peak in caterpillar abundance is the primary determinant of reproductive success (Perrins 1970; Van Balen 1973; Verboven & Visser 1998; Visser et al. 2006) . Owing to the impact increasing spring temperatures has on the timing of the peak in caterpillar abundance, and the close link between the temperature and the timing of reproduction in birds, there has recently been great interest in such systems as they provide an ideal way in which to test the impact of climate change on natural populations (e.g. Visser et al. 1998 Visser et al. , 2003 Visser et al. , 2006 Gienapp et al. 2005; Both et al. 2006; Charmantier et al. 2008) . As a consequence of the warming spring temperatures, many bird species have advanced their laying date (Crick et al. 1997; McCleery & Perrins 1998 ; but see also Visser et al. 1998 , 2003 and Barbraud & Weimerskirch 2006 (Charmantier et al. 2008) . Furthermore, the observed advance in laying dates in long-term studies often show a 'broken-stick' pattern where there is little or no change in the laying dates in the period from the 1950s to 1970s, but in the later period from the 1970s onwards there is a strong advancement. This pattern furthermore coincides with a similar pattern of increase in spring temperatures (e.g. McCleery & Perrins 1998) , again emphasizing the importance spring temperature has on the timing of reproduction in birds.
Based on the negative relationship between an individual's laying date and the probability of producing a second clutch (e.g. Verboven & Verhulst 1996; Brinkhof et al. 2002) , we might therefore expect that the proportion of females producing two clutches per season should increase as laying dates become increasingly earlier. This prediction is, however, in marked contrast to the observed patterns in populations of great tits in The Netherlands ( Visser et al. 2003) , which show a decline in the proportion of females producing a second clutch.
The aim of this paper is to understand the reasons behind this decline in double brooding in four geographically separated populations of great tits in The Netherlands, using the data from over a 50-year period (table 1) . Establishing the causes of the decline is important for understanding the effects a changing environment can have on natural populations. Timing of breeding relative to the peak in caterpillar abundance is an important predictor of the likelihood of initiating a second clutch in this species, and here we examine whether changing climatic factors have caused a shift in the relationship between the likelihood of double brooding and the relative timing of breeding over the course of the study. Because spring temperature changes have been particularly pronounced in the last three decades, we analysed the time series 1955-2004 and 1973-2004 separately. Where we find a significant decline in the proportion of females double brooding, we also tested the hypothesis that the decline reflects changing selection patterns, i.e. the benefits of double brooding relative to the costs have decreased over the study period. Table 1 . General information of the study populations including study period, sample size (number of breeding birds for each population), number of second clutches, the total number of recruits from first clutch, the total number of recruits from second clutch and years excluded (due to large-scale manipulations or low proportion of adults ringed 20 1955-1957, 1967-1975, 1982, 1991, 1996, 1998-1999 1956-1966, 1971, 1988, 1990-1992, 1996-1997 1955, 1960-1965, 1967-1969, 1971-1975, 1990-2004 (1955 ( -1972 ( ) and HV2 (1973 ( -2004 as two (temporally, not spatially) separate populations. For more details about the study populations, see Van Balen (1973) . In all areas, nest-boxes were visited at least once every week during the breeding season (April-June). Population size in an area in a given year was defined as the number of first clutches. The laying date of the first egg of the clutch was calculated from the number of eggs found during the weekly checks, assuming that one egg was laid per day. The number of eggs and /or young in the nests was counted, and when the young were 7-10 days old the parents were caught on the nest using a spring trap. Parents already ringed were identified and unringed birds were given a metal ring with a unique number. Young were ringed at day 7-10 (HV1, HV2, OH, LB) or at day 10-15 (VL). Females that were unknown (i.e. females not captured) were excluded from the analysis, and we also excluded nestlings from such nests because of the missing maternity. In total, 224 recruits were produced from nests in which the female was unknown (for the entire study period and all populations). Owing to the small number (224 out of 9510, 2.3%), it is highly unlikely that excluding such nests will bias the results in any way. Laying dates are presented as the number of days after 31 March (day 1Z1 April, day 31Z1 May).
We used the mean of daily average temperatures from the period 1 March to 20 April from the De Bilt meteorological station of the Royal Netherlands Meteorological Institute (KNMI ), for consistency with the other studies on the same study populations (e.g. Van Balen 1973; Gienapp et al. 2006) .
In some population /year combinations, only a small proportion (less than 50%) of the adults were caught and ringed and this makes it difficult to estimate any reasonable survival and /or recruitment rates for these population /year combinations, hence they were excluded from the analysis. We further excluded years if large-scale experiments (more than 70% of the population manipulated) were carried out, which affected parental survival or recruitment probability. Excluded population /year combinations are given in table 1. In all years, we also excluded individual nests in which manipulations took place (except for the viability selection analysis, see below).
Several studies have emphasized the importance of the timing of breeding relative to food abundance for the probability of producing a second clutch (e.g. Verboven et al. 2001; Brinkhof et al. 2002; Nagy & Holmes 2005) , hence where we had the necessary data we used the timing of an individual's first clutch relative to the peak in caterpillar abundance (or 'mismatch') to predict the individual probability of producing a second clutch (see below; see also Verboven et al. (2001) for a similar approach). Caterpillar peak dates have been collected during the period [1985] [1986] [1987] [1988] [1989] [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] for the HV population ) and we used these data to estimate the temperature period (i.e. average temperatures during a given time interval) that gave the best prediction of caterpillar peak date (see also Visser et al. (1998) Visser et al. 2006) . We subsequently used this relationship to estimate the caterpillar peak in HV for years in which we had no information (see Visser et al. 2006 for more details). The difference in days between when the chicks from the first clutch are 12 days old, and demand most food, relative to the estimated peak date in caterpillar abundance, was used as an approximation to the mismatch experienced by the birds (see Verboven et al. 2001) .
(b) Spatio-temporal variation in proportion of females producing second clutches We tested for differences among populations and changes with time in the proportion of females producing two clutches by defining a second clutch as a clutch produced following a successful first clutch by the same female, i.e. only nests where at least one chick fledged from the first clutch were included in the analyses. Thus all replacement clutches (where the first clutch failed and the pair produced a new clutch) were excluded (see Verboven & Verhulst 1996; Verboven et al. 2001; Visser et al. 2003) . First and second clutches were matched on the basis of female identity as in Verboven & Verhulst (1996) , thus we can be absolutely certain that it was the same female who produced a second clutch.
We first analysed population-level trends in multiple breeding for the two periods 1955-2004 and 1973-2004. We defined the proportion of females producing a second clutch in a given population in a given year as the ratio of number of ringed females producing a second clutch divided by the total number of ringed females (note that females who had a replacement clutch are excluded). We included the proportion of females double brooding as a response variable in a generalized linear model, GLM (quasi-binomial family argument to correct for overdispersion, see tables 2a and 2b) with the following terms: population as a factor and year; temperature (1 March-20 April, see above); annual population density (mean centred); the population annual mean laying date of the first clutch and its quadratic (to test for a nonlinear relationship); the population annual mean clutch size of the first clutch and its quadratic; and the variance in the laying date of the first clutch as continuous covariates. We also included the two-way interaction between population and year in the model to test for spatio-temporal trends.
(c) Individual-level analyses
As it is only for the HV2 population we have substantial data on caterpillar peak dates, we used this population to investigate in detail the variables determining the probability of an individual starting a second clutch, and whether these had changed over time. We defined whether an individual produced a second clutch or not as a binomial trait in a logistic regression mixed model (GLMM) with year and mismatch of the first clutch (see above) as continuous covariates and the two-way interaction in the model (thus testing for a temporal change in the relationship between the probability of double brooding and the amount of mismatch experienced). Female identity and year (as a factor) were included as random effects to account for repeated measures of females and repeated measures within years. It has been demonstrated previously that mismatch is a better predictor of the proportion of females starting a second clutch than absolute timing ( Verboven et al. 2001) , and thus we used only mismatch for this analysis.
(d) Selection analyses As we found no indication that the rate of decline in the proportion of females double brooding differed between populations for the period 1973-2004, we quantified selection on double brooding by testing for associations with female fecundity and survival in all four populations jointly. An offspring was classified as a recruit to the breeding population if it was seen again in the population in subsequent years after its year of birth. For the fecundity selection analysis, we estimated the fitness of an individual female from her annual reproductive success, defined as the number of offspring recruiting to the breeding population from each breeding season. We then tested for differences between single versus double brooders in their annual reproductive success. For the viability selection analysis, we used the survival of a female to subsequent years to test whether double brooding affected adult female survival rates. The estimates of fecundity and viability selection were based on recapture data under the assumption that nestlings and adults not returning to the study area in subsequent years had died. The use of recruitment as a measure of fecundity selection represents a reasonable fitness measure relative to other broods in the same year as it is only those individuals who recruit that will contribute to any response to selection.
When analysing selection on adult female survival, we included females that had been manipulated (note however that females who were removed or had their partner removed were excluded from the dataset altogether (nZ2, 2 and 7 individuals in the HV, LB and VL population, respectively; years as in table 1) as there is no indication that experimental manipulations, such as clutch size manipulations, influence adult survival in this species ( Tinbergen & Both 1999 ). Consequently, sample sizes for the viability analysis (nZ5468) are higher than that for the fecundity analysis (nZ4475). Owing to repeated measurements of the same female over time, we included female identity and year as random effects (as factors) in a GLMM model with female survival as a response variable (0/1). Breeding category was included as a two-level factor (single versus double brooded) in the analysis in order to determine whether fitness varied between single-versus multiple-breeding individuals.
All selection models reported here are without laying date fitted as covariate, as we wanted to consider selection on double brooding without removing any of the associated variation in laying date. However, we also repeated the selection models including laying date to control for the laying date associated variation in reproductive success and survival. Although laying date had a significant effect on fecundity (bZK0.017, s.e.Z0.003, c 1 2 Z30.19, p!0.0001), as well as on viability (bZK0.009, s.e.Z0.004, c 1 2 Z4.18, pZ0.041), its inclusion in the models did not qualitatively change the conclusions, and thus we do not report the results from the laying date corrected selection models here. We did, however, correct for population density (mean centred), defined as the population-specific number of breeding females, in all selection analysis reported here.
(e) Recruitment from first and second clutches Differences in total annual reproductive success between single-and multiple-breeding females could be due to additional recruitment from the second clutch, or due to differences in recruitment from the first clutch, implying systematic differences in the type of birds that produce two clutches rather than a benefit of the second clutch per se.
To test for this, and to explore possible explanations for the decline in second brooding over time, we first compared recruitment from the first clutch between females who proceeded to have a second clutch and those that did not, and second, among those that did produce a second clutch, we considered the number of recruits produced from the second clutch only.
For the analysis of recruitment from the first clutch, we fitted a GLMM with the number of recruits from the first clutch as a response variable and included breeding category (single versus double brooder) as a factor and year as a covariate as well as the interaction between breeding category and year. Female identity and year were included as random factors.
In order to determine the contribution of the second clutch to parental reproductive success in a given year, and whether this changed over the course of the study, we also analysed how the number of recruits from the second clutch had changed over time including year as continuous covariate. Again, female identity and year were included as random factors (see above).
(f ) Statistical analysis Statistical significance was estimated from the GLMMs with the appropriate error structure. Thus, we used binomial error structure for the analysis of both the probability of double brooding and the viability selection. Similarly, the Poisson error structure was applied to the fecundity selection analysis and for the analysis of the number of recruits from the first and second clutches. All models were fitted using Schall's technique (1991) and significance levels of variables were assessed from their Wald test statistics, distributed as c 2 on the appropriate degrees of freedom (Sokal & Rohlf 1995; Gilmoure et al. 2006) . We used ASREML v. 2.0 (Gilmoure et al. 2006 ) as a plug-in to R v. 2.7.0 (R Development Core Team 2007) for all analysis except the GLM models that were run directly in R. For the GLM models, significance of terms was assessed using the change in deviance between the reduced and complete models and tested against the F-distribution (because of overdispersion, see Crawley (2002) ) with degrees of freedom equal to the difference in the number of parameters between the two models (Crawley 2002) .
In general, we fitted a global model containing all explanatory variables of interest as well as their interactions. A final model was then determined by stepwise exclusion of the least significant terms, starting with the non-significant highest order interactions and then non-significant main effects. Significance of main effects was tested separately without any interaction effects fitted.
RESULTS
(a) Spatio-temporal trends in proportion of females producing second broods For the period 1955-2004, the proportion of females producing second clutches decreased in all the four study populations, but the rate varied significantly between populations, resulting in a significant interaction term between population and year (table 2a; figure 1 ). There was a quadratic relationship with the mean lay date of the population and a positive relationship with the mean clutch size in the first clutch (table 2a) . Furthermore, the proportion of females producing second clutches declined with both increasing population density and increasing temperature. We found no indication that the proportion of females producing a second clutch was related to the variance in laying date (F 1,113 Z2.29, pZ0.13) nor of any quadratic relationship with the mean clutch size (F 1,112 Z 0.06, pZ0.80).
For the period 1973-2004, we did not find any significant interaction term between population and year (F 3,84 Z1.514, pZ0.22), suggesting that for this period all populations showed a significant negative decline (tables 2a and 2b). Again, we did not find any indication that the proportion of females producing a second clutch was related to the variance in laying date (F 1,85 Z1.65, pZ0.20) nor of any quadratic relationship with clutch size (F 1,78 Z0.039, pZ0.85). Furthermore, there was no quadratic relationship with mean laying date for this period (F 1,86 Z3.32, pZ0.07).
To investigate the significant interaction term between population and year, i.e. to study the spatio-temporal double brooding patterns in more detail, we used population-specific models (table 2b) , correcting for population density, for each of the two periods. Although temporal trends were negative for all populations for both time periods, only the HV1/2 populations showed a significant temporal decline over the period 1955-2004 (table 2b) . For the period 1973-2004, however, there was a significant decline in the proportion of females double brooding for the HV2, LB and OH populations (table 2b).
(b) Temporal change in the individual probability of producing a second clutch in the HV2 population For the HV population, where we have data on caterpillar peak dates, the probability of an individual female starting a second clutch was negatively related to the difference in timing of her first clutch and the caterpillar food peak (table 3; figure 2a ). The probability of producing a second clutch was also negatively related to year (table 3), indicating that the probability of double brooding had decreased over the course of the study, even after controlling for the effects of individual mismatch (figure 2b).
There was, however, no indication that the slope between the probability of producing a second clutch and the degree of mismatch had changed significantly over time, as the interaction between year and mismatch was not significant (table 3) . Thus, the intercepts had declined over time whereas the slopes had not (figure 2b; note that the lines are back-transformed and if plotted on a logit scale the lines would be parallel with a decline in intercepts over time). There was also no indication of any nonlinear relationship with mismatch (quadratic term for mismatch: c 1 2 Z2.05, pZ0.15). 1956 1966 1976 1986 1996 2004 1956 1966 1976 1986 1996 2004 1956 1964 1972 1980 1989 table 2b for equations on a logit scale).
(d) Fecundity selection analysis Multiple-breeding females had, on average across the 1973-2004 period and the four study populations, significantly more recruits than females who produced only a single brood in a given year (1.32G0.05 s.e. versus 0.75G0.02 s.e., respectively; c 1 2 Z50.771, p!0.001). There was a marginally significant negative temporal change in fecundity (bZK0.016, s.e.Z0.008, c 1 2 Z3.93, pZ0.047), suggesting that the total number of recruits has decreased. We found no significant interaction between breeding category and year (c 1 2 Z0.84, pZ0.36), suggesting that differences in fecundity between singleand multiple-brooded females had not changed differently over time. Although there was no significant interaction, both single-and double-brooded females showed a negative trend in the number of recruits produced over time (bZK0.017, s.e.Z0.008, c 1 2 Z4.06, pZ0.044 and bZK0.005, s.e.Z0.01, c 1 2 Z0.41, pZ0.52 for singleand double-brooded females, respectively). We did not find any indication that the number of recruits from singleand double-brooded females had changed differently over time in the different populations (c 3 2 Z4.98, pZ0.17) or that the number of recruits produced by single-and doublebrooded females differed significantly between populations (c 3 2 Z2.25, pZ0.52). Not surprisingly, we found large spatial variation in the number of recruits produced, as evident from a highly significant population!year interaction (c 3 2 Z30.64, p!0.001). Population density had furthermore a strong negative effect on the number of recruits produced (bZK0.009, s.e.Z0.001, c 1 2 Z79.91, p!0.001).
(e) Recruitment from first clutch As there was no indication of different temporal changes in total fecundity between double-and single-brooded individuals, we tested whether there had been any temporal change between single-and double-brooded individuals in the number of recruits produced from the first clutch during the 1973-2004 period. Because there was a significant interaction between population, year and breeding category (c 3 2 Z13.93, pZ0.003), suggesting that patterns differed between single-and double-brooded females over time in the different populations, we analysed each population separately for the ease of interpretation.
We did not find any indication that the number of recruits from the first clutch changed differently over time for any of the populations except in HV2 (c 1 2 Z9.96, pZ0.002), where single-brooded individuals showed a stronger decline (bZK0.021, s.e.Z0.01) than did double-brooded individuals (bZ0.003, s.e.Z0.01). However, overall, there was no significant difference in the number of recruits from the first clutch produced by single-or double-brooded females for this population (c 1 2 Z1.53, pZ0.22, main effect tested separately). Also for the LB and OH populations ( pZ0.15 and pZ0.79, respectively), there was no difference in the number of recruits produced from the first clutch between single-and double-brooded females, suggesting that in these populations the observed difference in the total number of recruits is due to a fitness benefit of having a second clutch. For the VL population, however, double-brooded females had significantly less recruits from the first clutch 3') for the minimal adequate model from a GLM for the population-level analysis of the proportion of females second brooding produced each year, all populations combined, for the period 1955-2004 and 1973-2004 . (The analysis was corrected for overdispersion (4Z6.19, 4Z5.85 for the period 1955-2004 and 1973-2004, respectively) , and has a total of 129 (1955-2004) and 95 (1973-2004) 1955-2004 1973-2004 d.f. 1955-2004 1973-2004 1955-2004 1973- Table 2b . Population-specific GLMs for temporal change in proportion of females double brooding in each year corrected for population density (mean centred, estimates not given) for each of the two time periods. (Note that the coefficient estimates of year given here are on a logit scale and are the ones used to draw the lines in figure 1. Also note that some populations have some years within the given time periods excluded (see table 1 for full details).) 1955-2004 1973-2004 1955-2004 1973-2004 1955-2004 1973-2004 Hoge Z4.52, pZ0.03). Apart from the different temporal pattern in the number of recruits from the first clutch between single-and doublebrooded individuals found in the HV2 population, only LB showed a weak temporal trend (bZK0.027, s.e.Z0.014, c 1 2 Z4.36, pZ0.04) in the number of recruits produced from the first clutch. For HV, LB and VL, there was a strong negative effect of increased population density on the number of recruits produced from the first clutch, but there was no such trend for OH (c 1 2 Z0.07, pZ0.79).
(f ) Recruitment from second clutch The decline in the proportion of females producing a second clutch suggests a decline in the fitness benefits of producing a second clutch, but these were not apparent in any of our analyses of female survival, fecundity or recruitment from the first clutch as described above. However, we did find a significant decline in the number of recruits produced from the second clutch during the 1973-2004 period (bZK0.053, s.e.Z0.023, c 1 2 Z5.88, pZ0.01, figure 3 ). Not surprisingly, the number of second-clutch recruits produced from the different populations also varied considerably (c 3 2 Z17.45, p!0.01). However, there was no interaction between population and year (c 3 2 Z5.11, pZ0.17), suggesting that the fitness benefits of producing a second clutch have declined at a similar rate in all four populations during this period. The number of recruits produced from the second clutch was furthermore negatively related to the population density (bZK0.007, s.e.Z0.003, c 1 2 Z4.78, pZ0.03).
DISCUSSION
We have shown here that the proportion of females double brooding has declined over a 50-year period in all four main study populations of great tits in The Netherlands ( figure 1; table 2b ), although a significant decline was found only for the HV2 population for the whole period. However, for the period 1973-2004, the HV2, LB and OH populations showed a decline in the proportion of females producing a second clutch, indicating that the decline has been the strongest in the later part of the study. This decline coincides with the increasing spring temperatures during the same period, and with the analyses of changes in lay date in great tits, which have reported more rapid changes in the last three decades (e.g. McCleery & Perrins 1998 ).
For the HV2 population, the probability of producing a second clutch was closely related to the degree of mismatch (difference in days between when chicks from the first clutch are 12 days old and the peak in caterpillar abundance) experienced by the female (figure 2a). As predicted from the population-level analyses, this probability had changed over the study period, with individuals breeding in the later years of the study having a significantly lower probability of starting a second clutch than individuals in the earlier part of the study (figure 2b), but there was no evidence of a temporal change in how mismatch influenced the probability of double brooding (table 3) . Furthermore, we found no indication of viability selection operating differentially on single-versus doublebrooded individuals. Although double-brooded individuals did, on average across the whole study period in the four populations, produce more recruits than single-brooded individuals, the number of recruits from the second clutch alone declined over time for all four populations during the period 1973-2004 ( figure 3) ; suggesting that the benefits of double brooding per se have changed over time. Table 3 . Individual probability of double brooding for the HV2 population in relation to the amount of mismatch experienced and temporal trend from a GLMM with binomial error structure (see §2). (Note that these are the Wald statistics from a full model, all main effects were significant when tested separately and main effect estimates are from these models (see main text, nZ2153 Surprisingly, given the importance of multiple breeding on reproductive success, this is, to our knowledge, the only study to have considered temporal trends in the occurrence of multiple brooding and associated patterns of selection. Hence, we have very limited information about whether other populations of facultative multiplebrooded bird species are experiencing a similar decline in the number of clutches produced during the breeding season. We have been able to find only two studies mentioning temporal trends in proportion of females double brooding. Visser et al. (2003) compared large-scale responses with climate change on laying dates across a Europe-wide range of great tit and blue tit (Cyanistes caeruleus) populations and showed a decrease in the proportion of second clutches produced in both species; our results confirm and extend these analyses. Additionally, Møller (2007) studied the inter-clutch interval in a population of barn swallows (Hirundo rustica) in Denmark in relation to climate change, and briefly noted that the proportion of birds producing a second clutch had not changed over the study period (1975-2005) .
In many bird species, it is commonly found that early breeding individuals have a higher probability of producing a second clutch than late breeding individuals (e.g. Brinkhof et al. 2002) , and it is thought that this is because of a decline in food abundance throughout the season rather than a seasonal change in the quality of breeders, at least in the great tit ( Verboven & Verhulst 1996) . The importance of timing relative to the food peak for determining the probability of producing a second clutch has been demonstrated previously in great tits ( Verboven et al. 2001) as well as other species (Simons & Martin 1990; Nagy & Holmes 2005) , and our findings support this (figure 2a). For instance, Nagy & Holmes (2005) provided food supplements to females after the time of laying of the clutch in the Neotropical black-throated blue warbler (Dendroica caerulescens) and demonstrated that food-supplemented females produced significantly more second clutches compared with the control females who did not receive food supplementation. It is clear from this experiment, as well as similar studies (Simons & Martin 1990) , that food limitation during the breeding season can be a constraint for the production of multiple clutches.
The observed relationship between the probability of double brooding and the mistiming also suggests that if the mistiming increases (i.e. a shift towards larger, more positive, mismatch values), birds will be less likely to initiate a second clutch. Based on previous work in the HV population, we know that there has been an increase in mistiming over the course of the study . While hatching date of caterpillars has advanced by 0.74 days per year in the period 1985 -2004 , great tits in the same population have only advanced their laying date by 0.18 days per year over a 30-year period 1973 30-year period -2003 30-year period (Gienapp et al. 2006 . The close relationship between the probability of producing a second clutch and the amount of mismatch experienced (figure 2a), together with an increase in mismatch because of climate change, will lead to a decline in the probability of producing a second clutch and subsequently to a decline in the proportion of females double brooding ( figure 1; table 2b ).
In support of this, we found that there had been a temporal decline in the probability to produce a second clutch (figure 2b). We did not find that the relationship between the probability to produce a second clutch and mismatch had changed over the study period however. The temporal decline in the overall probability of double brooding suggests that individuals from the early part of the study experiencing a given mismatch were more likely to produce a second clutch than individuals experiencing the same amount of mismatch in the later part of the study ( figure 2b) .
This change suggests the possibility of changing selection patterns for birds producing a second clutch. We found, however, no indication of any temporal change 1974 1980 1985 1990 1995 2000 2004 1976 1980 1985 1990 1995 2000 2004 1973 1980 1985 1990 1995 2000 2004 1976 1979 1982 1985 1989 in survival over the course of the study. Moreover, there was also no detectable survival difference between single-and double-brooded females. Differences in survival between single-and multiple-breeding individuals have been investigated in several different bird species before with little consensus (e.g. Bryant 1979; Verhulst 1998; Brinkhof et al. 2002; Nagy & Holmes 2005 ). Although we did not find any difference in survival, reproductive costs are often obscured in empirical studies by confounding effects such as territory quality (Reznick 1985) . Changes in selection pressure can also be brought about through changes in fecundity selection. In common with other studies (e.g.Weggler 2006), we found that individuals who produced two clutches per season did have higher reproductive success (measured as total number of recruits produced) than individuals who produced only a single clutch, although this is the mean across the years 1973-2004 for the four study populations. The higher reproductive success of multiple-brooded females was the same for all the four populations, suggesting that a second clutch has been an important component of reproductive output. We also found an indication that the number of recruits produced, by both single-and double-brooded females, had declined, although this was only significant for the single-brooded females. More importantly, however, we found a strong decline in the number of recruits produced from the second clutch (figure 3) for all four populations during the years 1973-2004. Although the reason for this decline is not clear, it is likely that it is related to an increase in mistiming . The increasing mistiming with the main food source has large implications for the reproductive success of the great tits as has been previously demonstrated in this species ( Nussey et al. 2005; Visser et al. 2006) , and is also suggested by the negative trend in the total number of recruits produced, as well as the decline in the number of recruits from the second clutch, found in this study. Unfortunately, data on caterpillar peak dates have been collected to a much lesser extent in the VL and OH populations than in HV, and is unavailable for the LB population, so it is difficult to say whether the increase in mistiming is also happening here, but given that the pattern of temperature increase is similar in all populations this is quite likely. Nevertheless, the observed decline in the number of recruits produced from the second clutch clearly illustrates the decreasing fitness benefit of double brooding (figure 3).
To summarize, we show here that the proportion of females producing a second clutch in four populations of great tits in The Netherlands declined over a 50-year period, and that this decline was particularly strong during the later part of the study (table 2b) . The reasons for this decline were twofold: first, it is likely that due to the strong negative relationship between the probability of producing a second clutch and the amount of mismatch experienced (figure 2a), observed in the HV population, and a simultaneous increase in mismatch over the study period for this population , birds are less likely to initiate a second clutch. The observed temporal decline in the probability of double brooding over the study period (figure 2b) supports this view. Second, there was a temporal decline in the number of recruits produced from the second clutch (figure 3), which can be one of the reasons behind the temporal decline in the probability of double brooding (figure 2b). Taken together, this suggests that changing environmental conditions are important in determining the number of clutches a female produces, and that drastic environmental changes have the potential to change an important life-history trait in this species. The observed decline in proportion of females producing a second clutch can have important consequences for population dynamics, as the number of clutches produced during the breeding season is a major component of reproductive success in this as well as in other multiple-brooded species. Other studies investigating temporal trends in multiple breeding and associated patterns of selection would be very valuable as it is becoming increasingly clear that adjustment to changing climatic conditions might involve more than simply a change of timing of breeding.
